This study investigated electrical treeing and its associated phase-resolved partial discharge (PD) activities in room-temperature, vulcanized silicone rubber/organomontmorillonite nanocomposite sample materials over a range of temperatures in order to assess the effect of temperature on different filler concentrations under AC voltage. The samples were prepared with three levels of nanofiller content: 0% by weight (wt), 1% by wt, and 3% by wt. The electrical treeing and PD activities of these samples were investigated at temperatures of 20 ∘ C, 40 ∘ C, and 60 ∘ C. The results show that the characteristics of the electrical tree changed with increasing temperature. The tree inception times decreased at 20 ∘ C due to space charge dynamics, and the tree growth time increased at 40 ∘ C due to the increase in the number of cross-link network structures caused by the vulcanization process. At 60 ∘ C, more enhanced and reinforced properties of the silicone rubber-based nanocomposite samples occurred. This led to an increase in electrical tree inception time and electrical tree growth time. However, the PD characteristics, particularly the mean phase angle of occurrence of the positive and negative discharge distributions, were insensitive to variations in temperature. This reflects an enhanced stability in the nanocomposite electrical properties compared with the base polymer.
Introduction
Polymeric materials are gaining prominence among utilities as their preferred insulating materials for underground power cables largely due to their high dielectric strength (in MV/cm), very low dielectric losses, high tensile strength, and resistance to electrical degradation [1] . Power cables are subjected to high and continuous voltage as well as mechanical and thermal stresses that induce and accelerate the cable ageing and insulation breakdown. Electrical treeing is one such breakdown phenomenon that occurs in insulation cables, and many researchers have presented studies done on electrical treeing phenomena in insulation cables [2] [3] [4] [5] [6] [7] . Treeing occurs inside the dielectric when partial discharges are initiated and progresses under electrical stress through paths that are tree-like. To curb the growth of the electrical tree, many researchers have used microcomposite materials as fillers to enhance the electrical and mechanical strength of the polymer. However, the increasing demand for power and further research has led to the discovery and use of nanocomposite polymers with the addition of nanofillers due to their excellent performance [8] [9] [10] . One such nanocomposite that is currently receiving attention as a nanofiller in HV cable insulation is organomontmorillonite (oMMT). Results from the use of oMMT as a nanofiller in ethylene-vinyl acetate, low-density polyethylene, polyethylene (PE), and epoxy resin have shown improvement in the electrical performance of these insulating materials, such as increases in tree inception voltage, tree initiation time, and time to breakdown and slower tree propagation [11] [12] [13] [14] .
In power cables, silicone rubber (SiR) is one of the most widely used insulating materials for cable stress cones, jointing, and insulation materials [15] [16] [17] [18] . Recently, some electrical treeing studies that investigated the electrical performance of SiR filled with oMMT nanofiller as an insulating material have reported promising results [19] [20] [21] [22] [23] . Furthermore, most of the power cables in service operate at temperatures in the range of 50 ∘ C to 60 ∘ C [24, 25] . However, studies carried out on SiR/oMMT nanocomposites were limited to those on the effect of filler content on the performance of the insulation at ambient temperature. And thus electrical treeing associated with partial discharge studies on the effect of temperature on SiR/oMMT nanocomposites are lacking. In view of the foregoing, this work presents an investigation on the effect of temperature on electrical treeing and partial discharge characteristics of silicone rubber-based nanocomposite insulation. Findings from this study indicated that temperature and filler concentrations have effect on electrical treeing and partial discharge characteristics of polymeric insulation.
Nanoclay
Nanoclay belongs to the family of phyllosilicates, which are also known as layered silicates. Nanoclay is classified into four typical groups: smectite, kaolin, chlorite, and illite. Montmorillonite belongs to the smectite group. The layered silicate crystal lattice consists of a two-dimensional, sheetlike structure, where the central octahedral of the alumina sheet or magnesia is placed between two silica tetrahedron sheets. The oxygen ions of the octahedral sheet are shared by both the octahedral sheet and the tetrahedral sheet, while the gallery or interlayer region is formed by Van der Waals forces that hold the layers together. Isomorphic substitution within the layers will generate negative charges, which will be counterbalanced by alkali and alkaline earth cations inside the galleries [27] . The thickness of the layers is of the order of 1 nm. Thus, the clay layers are truly nanoparticulate. Based on information in the literature [27] , the original layer silicates can only be dispersed in hydrophilic polymers, such as polyvinyl alcohol and polyethylene oxide. Thus, the normally or naturally hydrophilic layer silicates should be modified to become organophilic so that they can be more compatible with other polymer matrices. As a result, the exfoliation and intercalation of various polymers can be achieved.
Various modification methods are being used in the production of organically modified nanoclay. Early methods used amino acids [28] ; however, primary, secondary, tertiary, or quaternary alkyl-ammonium cations were subsequently and widely used because they can be changed easily with the ions located between the layers. Alkyl-ammonium cations can provide sufficient functional groups that can react with the polymer matrix, thereby starting monomer polymerisation and enhancing the strength of the interface. The alkylammonium cations also expand the clay galleries (interlayer spacing) due to reduced surface energy, and consequently the polymer chains can penetrate the clay gallery space or be intercalated into the galleries [29] .
There are three possible structures of polymer/layered silicate, and this depends on the types of the layered silicate, organic modifier, polymer matrix, and method of polymer nanocomposites preparation. The nanocomposite is said to be agglomerated when the polymer matrix is not able to expand and unable to cover the distances between the interlayer galleries and also unable to expel tactoids from the polymer to form microcomposites. The exfoliated or delaminated polymer nanocomposite is achieved when the individual silicate layers are uniformly dispersed in a continuous polymer matrix by an average distance. The intercalated structure is achieved when a single extended polymer chain is intercalated between the silicate layers, which results in a well-ordered multilayer [29] .
A modified version of the montmorillonite nanoclay type is oMMT or organoclay. The modification of the montmorillonite nanoclay to an organoclay alters it, organically making the oMMT more organophilic and compatible with hydrophobic materials, such as silicone rubber, epoxy resin, and PE. Organoclays are reported to have charge carrier trapping properties (electronegative), provide an improved balance of stiffness and toughness, possess flame retardant properties that offer a reduction in relative heat release, and reduce dripping by forming char. They are also cheaper than other nanomaterials because they are produced in existing full-scale production facilities and because their basic materials come from readily available natural sources [13, 30] .
Experimental Technique

Sample Preparation.
The silicone rubber (SiR) used in this study was Sylgard 184 silicone elastomer which comes together with dimethyl, methylhydrogen siloxane as a hardener. Meanwhile, the oMMT used in this study was Nanomer 1.30P supplied by Nanocor Inc., USA. A detailed description on the materials, method used to prepare the organomontmorillonite by adding octadecylamine and concentrated hydrochloric acid, and also leaf-like sample preparation can be found in [17, 28] and [29] , respectively.
Dispersion and Characterization
Study. Dispersion of the nanoparticles inside the investigated materials was observed under a Carl Zeiss Supra 35 Field Emission Scanning Electron Microscope (FESEM), which is an ultrahigh-resolution microscope. Prior to FESEM observation, each fractured surface of nanocomposite sample was sputter-coated with a thin layer of platinum using a Bio-Rad sputter coater under vacuum pressure for one minute at 20 mA and 1.6 kV to provide electrical conductivity. The nanocomposite samples were then examined at 10 kV of acceleration voltage. In addition, the dispersion of nanofiller inside the silicone rubber material was also observed by 200 kV high-resolution transmission electron microscope (HRTEM). The sample was sliced into excellent quality ultrathin 200 nm thick slices by using a Leica EM FC7 cryoultramicrotome.
A Fourier transform infrared spectrometer (FTIR) was used to identify the functional groups on the surface and in the bulk of the used filler and in the polymer-based nanocomposite samples. These functional groups help to clarify the interaction between the nanofiller and the polymer (silicone rubber) at the interface of the nanocomposites. A Perkin Elmer FTIR spectrometer was used to obtain the IR spectra. The polymer specimens were analysed at 1 cm
resolution, and 16 scans were averaged in the transmittance mode at wavelengths in the range of 370-4000 cm −1 . The nanofillers were pressed with potassium bromide (KBr) at a pressure of 6 bars to form a thin film disc for FTIR measurements. The thin film disc was then placed in a sample cap of diffuse reflectance fitment. Before the FTIR preparation, the oMMT nanofiller and the sample of silicone rubber-based nanocomposites were dried at 105 ∘ C for more than 48 hours to ensure removal of all moisture for the FTIR analysis. The spectra were analysed via the software provided with the instrument.
Experimental Procedure.
The electrical treeing-PD test rig consists of a step-up transformer, fibre optic transmitter and receiver, high voltage supply, Peltier cooled Charged Couple Device (CCD) camera with back illumination, light emitting diode (LED), digital storage oscilloscope, temperature controller with cartridge heater, specimen holder, glass test cell, RLC load circuit, and personal computer. A detailed description of the test rig and experimental procedure using the test rig can be found in [29] [30] [31] .
Results and Discussion
Nanofiller Dispersion via FESEM.
The FESEM and TEM images are depicted in Figures 1 and 2 , respectively. These visual analyses were able to characterize and clarify the dispersion, degree, and homogeneity of agglomeration of the nanoparticles into the nanocompounds. Under a magnification of 500 times, several tactoids were visible and can be seen in Figure 1 (a) where the agglomerated nanoparticle sizes are larger than 100 nm; the nanoparticle sizes in Figure 1 (b) are smaller and less than 100 nm.
Electrical Treeing, PD, and Effect of Temperature.
All the electrical trees were noted to have grown below an estimated electrical tree inception voltage of 10 kVrms at 50 Hz. Images of the light emitted from PD within the tree channels that were recorded before voltage was removed at the end of each experiment are shown in Figures 3 and 4 . These composite images of light emission are due to the partial discharge activity (grey scale) superimposed on the back-illuminated images (red/black) of the tree structure. These images show the spatial extent of the PDs within the tree channel that formed. All trees formed were found to have a branched structure.
In the case of neat resin samples (0 wt% oMMT), the tree inception time was found to have decreased with increase in temperature from 19 seconds at 20 ∘ C to 5 seconds at 60 ∘ C. In contrast, the tree growth time required for the tree to grow approximately 95% of the pin-edge distance increased from 80 seconds at 20 ∘ C to approximately 29 minutes at 60 ∘ C. The tree initiation process starts from injection and extraction of space charges in which the charge carrier dynamics depend significantly on temperature as these processes are mostly thermally activated mechanisms [32] . Thus, the increase in temperature enhances the dynamics of the space charge, reducing the tree initiation time. In addition, the increase in temperature gives rise to an increase in the number of cross-link network structures caused by the vulcanization process. This results in more trapping sites for charge carriers where the charge carriers get trapped around the boundary of the polymer chains, reducing the charge carrier mobility. This slows down the growth of the electrical tree due to Journal of Nanomaterials more time and energy required to detrap the charge carriers for conduction. In addition, the increase in the number of cross-link networks also creates a more rigid polymer with an immobilized polymer chain. Consequently, more energy and time are required to break the bond to create a void or cavity, which eventually generates PD and causes the growth of electrical treeing.
In the case of the 1 wt% oMMT nanocomposites, the inception time first increased and then decreased with increasing temperature. The registered tree inception times were 20 seconds, 100 seconds, and 83 seconds at 20 ∘ C, 40 ∘ C, and 60 ∘ C, respectively. Nevertheless, the addition of nanofiller enhanced the tree initiation time even though the temperatures increased. As mentioned before, the space 6 Journal of Nanomaterials charge dynamics were enhanced by increasing the temperature. However, the effect of temperature on space charges in silicone rubber-based nanocomposites was not obvious since the addition of nanoparticles trapped the charge carriers around or inside the particles. Thus, these trapped charge carriers require high energy to move from one trap to another trap or to get extracted from the polymer. This results in a slower degradation rate and more time for tree initiation.
The tree growth times were significantly higher for the 1 wt% oMMT nanocomposite samples than for the neat silicone rubber samples. The tree growth times were found to increase from 10 minutes at 20 ∘ C to 46 minutes at 60 ∘ C due to the promotion of more cross-link networks as trapping sites. Moreover, the trapping sites were also enhanced due to the inclusion of nanoparticles. Thus, the injected and accumulated space charges were unable to drift or detrap since most of the space charges were trapped at the polymer chains and around or inside the nanoparticle. This resulted in more energy and time being needed for space charges to cause electrical tree propagation, thus prolonging the electrical growth time.
The initiation of a tree is a sign of initial conduction in the dielectric. Since conductivity is proportional to the elementary charge, carrier density, and carrier mobility [33] , reduction of conductivity is presumably due to the capture of mobile carriers at polymer/filler interfaces. In silicone rubber-based nanocomposites material (3 wt%), the large total interfacial areas contribute to increasing the trapping probability of charge carriers. The increase of charge trap areas/sites leads to a reduction in charge mobility, which in turn reduces conduction. The trapping probability was also enhanced due to the vulcanization process, which made the nanocomposites more rigid; consequently, more energy and time were required for polymer decomposition. However, due to insufficient field energy, the trapped charge carriers (electrons and holes) combine at the recombination centre and emit the photon that is responsible for light emission. Therefore, in the case of the 3 wt% oMMT nanocomposites, no tree inception was observed; even after 4 hours of voltage application, only weak light emission and sporadic PDs were recorded.
By comparing the effect of the nanofiller at individual temperatures, we can note and justify the advantages or benefits and reinforcement properties of adding the nanofiller. At a low temperature of 20 ∘ C, the tree inception time of silicone rubber nanocomposite (1 wt%) was almost similar to the corresponding neat silicone rubber. This insensitive characteristic was due to the agglomeration in the nanocomposite sample (1 wt%) as seen in the FESEM image in Figure 1(a) . In addition, the TEM micrograph in Figure 2(a) shows that the clay silicate layers do not maintain their original parallel layers with a scattered layered structure. Thus, agglomeration nullifies the capability of electrical tree initiation resistance of nanoparticles, resulting in insensitive parameters. However, the increase in filler loading increased the growth time of electrical treeing due to the trapping of charge carriers.
When the temperature was increased to 40 ∘ C, tree inception time and tree growth time increased with increases in filler loading from 0 wt% to 3 wt%. These enhancements in electrical tree resistance result from the increase in the charge carrier trapping density and also from the increase in crosslink network structures. These changes result in difficulty in initiating an electrical tree since more field energy is needed to enhance growth.
More enhanced and reinforced properties of silicone rubber-based nanocomposites are noticed at a temperature of 60 ∘ C. This postcure temperature promoted more cross-link network structures, thereby contributing to the formation of a more rigid polymer. This enhancement leads to an increase in electrical tree inception time and electrical tree growth time since nanofillers act as trapping sites and potential physical barriers to the growth of an electrical tree in the direction of the electric field.
The composite CCD images shown in Figures 3, 4 , and 5 demonstrate that, for all samples in which trees grew, the PDs occur throughout the main body of the tree structure. This indicates that the tree channels were effectively electrically nonconducting, such that a sufficient potential difference could exist along the tree channels to initiate PDs within them. In addition to the composite images captured, the phase-resolved PD patterns were also recorded. Generally, the PD pulses mainly occurred in the first and third quadrants of the voltage waveform.
The results of the phase-resolved PD data are shown in Table 1 . In the case of neat SiR, the average PD magnitude was found to increase with increase in temperature while the average number of PDs per second was found to decrease with increase in temperature. A significant shift in the average phase of PD occurrence of both the positive and negative discharge distributions took place simultaneously. The average phase of occurrence of the positive PDs increased from 37 ∘ at 20 ∘ C to 55 ∘ at 60 ∘ C. Similar dependence on temperature of the PD phases was found for electrical tree growth in the flexible epoxy resin. This phase shift is attributed to an increase in the electrical conductivity of the epoxy resin with increasing temperature, leading to decreased accumulation of the space charge surrounding the tree structure.
However, the reverse situation has been reported for an epoxy resin sample; that study showed PD numbers increasing and PD magnitudes decreasing with increasing temperature from 20 ∘ C to 70 ∘ C [34] . This dissimilarity between epoxy resin and silicone rubber is probably due to the increase in vulcanization/cross-link numbers in silicone rubber matrices with increasing temperature; this has been discussed thoroughly by Du et al. [15, 35] .
In the case of the 1 wt% oMMT nanocomposite, the average PD magnitude was found to decrease with increasing temperature from 450 pC at 20 ∘ C to 257 pC at 60 ∘ C. However, the other three PD physical parameters remained relatively insensitive to the changes in temperature. The decrease in PD magnitude when the temperature increased in silicone rubber-based nanocomposites (1 wt%) is because the addition of nanoparticles contributes to the trapping of space charges; in this process, the electrons injected from the electrode move towards the opposite electrode and are trapped at the nanoparticle surfaces and inside the nanoparticles. When the applied field is sufficiently high, it can cause ionization of the nanoparticle within the polymer. Thus, an internal field will be created to oppose the direction of the applied field, making the net field inside the nanoparticle greater than the discharge inception field and thereby extinguishing the discharge. This reduces the PD magnitude. If the applied field is high enough and exceeds the internal field, the discharge will occur again. However, the particles tend to agglomerate, resulting in the less interfacial area and leading to lesser charge carriers getting trapped around the particle surfaces (localized states). Due to repetition and a sufficiently high electric field, the trap sites provided by microparticles for electron localizations are not sufficient and so lead to electron drift (detrapping). This causes charge movements (mobility) that give a higher PD repetition rate. As a result, agglomeration nullifies the capability of PD resistance of the nanoparticles. The addition of 3 wt% oMMT nanoparticles in silicone rubber caused electrical tree inhibition; no electrical trees were observed during the time span of the experiment (4 hours at 10 kVrms, 50 Hz). Only localized light emission, recognized as electroluminescence, was detected at the needle tip when using the CCD camera. It appears that the SiR matrices were reinforced by the addition of 3 wt% oMMT nanofillers to an extent that prevented the formation of an initial void with a sufficient dimension required for PD generation and subsequent electrical tree initiation. The PD magnitudes and PD numbers decreased with the increase in temperature from 20 ∘ C to 60 ∘ C; the PD magnitudes decreased from 22 pC to 4 pC. However, the phase of positive PDs was found to be insensitive to temperature changes, whereas the phase of negative PDs shifted to the lower values with the increase in temperature.
Based on FESEM images in Figure 1(b) , the nanofillers were distributed uniformly with sizes less than 100 nm. The micrograph in Figure 2(b) shows that the oMMT was in the form of incompletely exfoliated mixed intercalation, indicating that the silicate layers were uniformly separated as the particles were quite long in length. The TEM image in Figure 2(b) shows that the nanocomposite material containing oMMT particles differed from the form shown in the FESEM image of Figure 1(b) . However, the oMMT particles still maintained the parallel layered structures even though the gap increased.
Thus, oMMT possesses the advantages of nanoparticles, such as a large interfacial area (surface area) that allows large charge carrier trapping, charge dissipation due to recombination, electron scattering, large interaction zones, and a proximity effect [36] . These properties reduce the charge mobility and energy needed for conduction, thereby reducing PD magnitudes, PD numbers, and other PD parameters. The charge carriers are unable to move (drift) due to insufficient kinetic energy and remain at the electrode tip; most are dissipated by electron-hole recombination, which releases energy (photon) in the form of light.
Moreover, the small discharges detected in the nanocomposites material were probably swarming partial microdischarges (SPMD); this is related to the existence of microvoids at the polymer/electrode interface due to imperfect bonding between the tungsten needle and the silicone rubber. Tanaka [37] reported that small PDs of less than 1 pC were detected in a void prior to tree initiation. SPMD phenomena can be found in [38] [39] [40] . Thus, the detection of PD prior to tree initiation may have been caused by the microvoids at the needle tip due to charge carrier recombination. The holes and electrons were injected into the polymer during the positive and negative half-cycle of the AC voltage and were trapped in the recombination centres. Light is emitted when the electron-hole recombination occurs at the luminescent centre [41] . However, the electric field intensity was insufficient to initiate electrical treeing due to low energy.
In polymer nanocomposites, the nanoparticles act as charge carrier trap with high barrier potentials. These trapped carriers need more energy to get extracted from one trap to another trap. This would slow down the growth of electrical treeing [42] . With the addition of 1 wt% oMMT nanofillers, tree inception time and propagation time were distinctly enhanced. However, PD magnitudes and PD numbers of silicone rubber-based nanocomposite (1 wt%) became insensitive with the increase in temperature as evidenced by the PD magnitudes being higher than neat silicone rubber at 20 ∘ C and 40 ∘ C whereas the PD numbers of silicone rubber-based nanocomposite (1 wt%) were greater than neat silicone rubber at 40 ∘ C and 60 ∘ C. We attribute the reason for the increase in PD magnitudes and PD numbers to agglomeration of the nanofiller in the silicone rubber matrix. The tactoids represent the weak points that could enhance PD repetition inside 
Figure 7: Chemical structure of polydimethylsiloxane of silicone rubber [26] .
the polymer. This is depicted in Figure 1 (a), which shows agglomeration of filler particles sizes greater than 100 nm occurring inside the silicone rubber-based nanocomposite sample with 1 wt% oMMT nanofiller. However, agglomerated nanoparticles larger than 100 nm are considered to be microparticles. Microparticles have also contributed to the suppression of an electrical tree [43, 44] by acting as a physical barrier to the growth of tree channels, resulting in the tree forming more side branches when it collided with the microparticles.
Chemical Bonding Study via FTIR
FTIR spectra could be used to show the nature of bonding or chemical changes of neat silicone rubber and silicone rubberbased nanocomposite structures. FTIR spectra of oMMT filler and silicone rubber-based nanocomposites (1 wt% and 3 wt%) are depicted in Figure 6 . The chemical structure (ring molecule) of silicone rubber is depicted in Figure 7 [26] . Silicone rubber consists of organic methyl groups (CH 3 ) and a silicone-oxygen backbone. The methyl groups are responsible for water repellence, surface hardness, and noncombustibility, whereas the vinyl groups (CH=CH 2 ) help to strengthen the rigidity of the molecular structure by creating easier cross-linkage of the molecules [45, 46] . The silicone rubber was vulcanized to give the required solid shape. Vulcanization and cross-linking are terms that refer to the formation of chemical bonds between polymeric chains attained under high pressure and high temperature [26] . The increase in the number of hydrocarbon vinyl groups (-CH 2 ) is associated with the increase in the number of cross-links as this group is part of the silicone cross-link domain [47, 48] . Moreover, the presence of cross-links reduces the swelling (bending) capacity and inhibits the transfer of polymer chains into solution [49] . Possible bonds in the neat silicone rubber (polydimethylsiloxane, PDMS) are presented in Table 2 .
Based on the FTIR spectra of the oMMT nanofiller in Figure 6( Likewise, the addition of oMMT nanofillers in the silicone rubber matrices increased the -OH functional groups results in the spectra band between 3650 cm −1 and 3500 cm −1 , which indicates the free -OH stretching vibration in Figure 6 (b). By adding 1 wt% and 3 wt% oMMT nanofiller, the -OH bands broadened significantly due to the abundance of -OH groups. The hydroxyl groups on the surface of the nanoparticles led to the formation of hydrogen bonds between the hydroxyl groups (-OH) and the oxygen in the siloxane, which is the backbone of silicone rubber (PDMS) matrix.
This interpretation agrees with the studies done by Fragiadakis and Pissis [50] and Ramirez et al. [51] that dealt with the hydrogen bonding between silica/PDMS filler/polymer and the separation studies done by Singha and Thomas [52] and Nelson et al. [53] that explained the influence of the hydrogen bond due to the presence of the hydroxyl functional groups at the surfaces of untreated ZnO and TiO 2 added to epoxy resin. These hydrogen bonds form the strong bond and tightly bounded layers at the interfaces between the nanoparticle and the silicone rubber matrix, as depicted in Figure 8 .
In addition, the thermal stability of silicone rubber nanocomposites has also improved due to the ability to resist dehydration at high temperature by the presence of a high number of hydroxyl (-OH) groups at the nanoparticle surfaces. Dehydration may result in weaker filler-polymer matrix interfaces. The presence of a high number of hydroxyl groups helps in hydration and removes the heat to lower the temperature at the interface, improving the insulation properties [51, 54] .
The broad peak that appears at ∼1000-1200 cm −1 corresponds to Si-O-Si stretching, which may be due to an increase in the oxidative cross-linking reaction resulting from oxidation of the hydrocarbon groups on the polymer main chain. This reaction would lead to cross-linking and increase the network chain concentration, leading to a brittle (hard) surface layer [55, 56] . In addition, the FTIR shows an increase in the number of hydrocarbon methyl (CH 3 ) groups with increasing filler concentration. The bands at 2975-2875 cm −1 correspond to the stretching vibration of the hydrocarbon methyl group. The transmittance amplitude also increased with the increase in filler content, which shows an increase in the alkyl groups. Therefore, the increase in filler concentration contributes to the increase in cross-link numbers of silicone rubber.
Sylgard 184 silicone rubber has a thermal stability between −45 ∘ C and 200 ∘ C [57] . This excellent thermal stability is attributable to the high dissociation energy of the siloxane bond, Si-O-Si, which is highly stable at a value of 445 kJ/mol [58] . However, the influence of temperature on the number of cross-links could be elucidated by referring to the following formula [35] :
where is the elastic modulus, is the density of silicone rubber, is the gas constant, is temperature, and V is the average molecular weight per vulcanization point in silicone rubber. The elastic modulus increases with the decrease in average molecular weight V . The decrease in V results in an increase in the vulcanization point in silicone rubber. Thus, the increase in temperature increases the elastic modulus and thereby increases the vulcanization point density. The higher the elastic modulus, the stronger the forces that are required for material deformation. Therefore, the electrical tree becomes more difficult to propagate due to the increase in the elastic modulus as a function of temperature. The increase in increased the number of molecular bonds due to the increase in vulcanization points or number of cross-links that are required to be broken down to form more coalesced cavities for electrical tree initiation and propagation.
As a result, the resistance of the electrical tree and PD caused by increasing vulcanization or cross-link numbers is due to the influence of temperature. The existence of the hydrogen bond between the nanoparticle surfaces and silicone rubber matrices has led to the existence of better adhesion at the filler/polymer interface, which requires higher dissociation energy to break the bonding for polymer decomposition. However, in the case of silicone rubberbased nanocomposites (1 wt% and 3 wt%), the difference in PD and electrical tree resistivity is due to a decrease in interfiller distance, which implies a better shielding effect of the nanoparticles by leaving very narrow regions of the material (silicone rubber) exposed to the discharges. The nanoparticles may form a physical barrier against the discharges and lead to the enormous increase in the discharge resistance performance. With an increase in temperature, the best PD and electrical tree resistance/inhibition performance was exhibited by the silicone rubber-based nanocomposite (3 wt%) taking into account all inhibition factors as discussed earlier.
Conclusions
The effect of temperature on electrical tree growth and corresponding PD activity were investigated in silicone rubber with different levels of oMMT nanofiller content. The presence of nanofiller reduced the temperature dependence of the electrical properties of the silicone rubber matrix such that the phase distribution of PD activities became insensitive to changes in temperature. The introduction of 3 wt% oMMT nanofiller inhibited electrical tree initiation over the temperature range with a 4-hour interval for each experiment. Under high temperature, the vulcanization effect played a role in introducing more cross-linking in the silicone rubber chains. Therefore, under a high temperature up to 60 ∘ C, electrical treeing took more time to propagate at roomtemperature vulcanized silicone rubber. The presence of a hydroxyl group at the surface of nanoparticles led to the formation of hydrogen bonds between the hydroxyl and the oxygen from the siloxane backbone of the silicone rubber matrix. The hydrogen bond helped in strengthening the interaction between the nanoparticles and the polymer matrix thus increased the physical bonding. This enhanced bonding increased the insulation properties, thereby resisting PD and electrical tree degradation. As a result, this study suggests that oMMT nanoclay as a nanofiller could be employed in insulating materials to improve their degradation due to internal discharges.
